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1 INTRODUCTION 
Ice content and its migration process have not been 
extensively studied in partially saturated soils (Liu 
and Si 2011, Zhou et al. 2014), despite having im-
portant practical applications on geocomposite capil-
lary barriers used to reduce frost heave in soils, on 
artificial ground freezing in partially saturated soils 
and on engineered barriers that are subjected to 
freezing and thawing processes. 
To experimentally validate coupled THM mod-
els for frozen soils (see for instance, Nishimura et 
al. 2009, Casini et al. 2016), cryogenic suction is an 
important stress variable to determine together 
with ice content. Nevertheless, as cryogenic suc-
tion is usually difficult to be measured, experi-
mental efforts have been mainly concentrated in 
estimating ice content (or unfrozen water content) 
and the soil freezing retention curve (SFRC). Sev-
eral procedures have been proposed to determine 
ice content in frozen soils, which include calorim-
eter technique (Williams 1964), time domain re-
flectometry TDR (Patterson and Smith 1981, 
Watanabe and Wake 2009, Mao et al. 2016), nu-
clear magnetic resonance (Smith and Tice 1988), 
heat pulse probe (Liu and Si 2011), and combined 
gamma ray attenuation and TDR (Zhou et al. 
2014), to cite some of the most used techniques. 
At the same time, empirical and theoretical 
models have been developed to interpret these in-
direct experimental results, and thus better assess 
the unfrozen water content at a given state of ini-
tial water content (volumetric / gravimetric) and 
temperature (Dillon and Anderson 1966, Ander-
son and Tice 1972, Liu and Yu 2013, Mu 2017). 
However, in most of the previously cited models, 
the information on porosity and initial degree of 
water saturation has not been usually considered. 
Konrad (1990) measured the SFRC of clayey silt at 
different void ratios, which highlighted the im-
portant porosity effects on the unfrozen water re-
tention properties. 
In this paper, an electrical set-up with cooling 
bath has been used to measure the bulk electrical 
conductivity (EC) properties at different tempera-
tures (from 20°C to -15°C) of a partially saturated 
clayey silt. Archie’s law has been modified to con-
sider temperature effects on bulk EC. Further-
more, a new empirical model has been proposed to 
estimate the unfrozen water content at a given 
state of porosity, initial degree of saturation and 
temperature. To validate the proposed approach, 
the SFRC has been also estimated by combining the 
Clausius-Clapeyron equation with water retention 
data on drying. 
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2 MATERIALS AND METHODS 
2.1 Test setup 
A small Perspex cell (25.5 mm in inner diameter and 
30 mm high) and presented in Figure 1 is used to 
measure the EC at different temperatures using a 
cooling bath (Mao 2018). A uniform flow of electric 
current is applied on both ends of the sample (plate 
electrodes ‘c’ in the figure), and the EC is deter-
mined from voltage readings using a pair of needle 
electrodes placed in the middle of the sample (‘d’ in 
the figure). A thermocouple is inserted close to the 
parallel needle electrodes to measure the tempera-
ture. The calibrated electrical resistivity measure-
ment system is from the Geotechnical Engineering 
Laboratory at Politecnico di Torino (see Comina et 
al. 2008). 
 
 
Figure 1. (a) Experimental set-up and (b) schematic of small 
cell for measuring EC of frozen soils. 
2.2 Soil properties 
Barcelona clayey silt is used in this research. The 
maximum particle size is limited to 2 mm due to the 
experimental set-up used. Selected properties are 
summarised in Table 1. 
 
Table 1. Selected properties of the clayey silt. 
Soil properties  
Density of solids, ρs (Mg/m3) 2.67 
Liquid limit (%) 28 to 31 
Plastic limit (%) 19 
Silty fraction between 2 and 75 μm (%) 40 to 46 
Clay-size fraction ≤ 2 μm (%) 13 to 19 
 
Water retention data on drying path and in terms 
of degree of saturation Sr are shown in Figure 2. The 
van Genuchten (1980) expression is used to fit the 
data: 
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where s is suction, λ=0.26 is a material parameter 
and P=0.46 MPa is associated with the air entry val-
ue. 
2.3 Properties of interstitial water 
A 5% NaCl solution (mass basis) is used as intersti-
tial water instead of pure water, to better discrimi-
nate EC values between ice and unfrozen water. 
Figure 3 shows EC values of the solution along tem-
perature decrease and freezing paths. A clear de-
pendence on temperature is observed because of 
changes in ionic mobility and solution viscosity. It is 
interesting to detect that the relationship between 
electrical conductivity and temperature in unfrozen 
state (without phase change) is linear and it changes 
to non-linear below freezing point because of ice 
generation. The freezing point of 5% NaCl solution 
is around -3.2 °C calculated from Blagden’s law for 
dilute solutions. 
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Figure 2. Water retention curve of clayey silt on drying 
(adapted from results by Mora 2016). 
 
 
0
10
20
30
40
50
60
70
80
-20 -10 0 10 20 30
El
ec
tri
ca
l 
co
nd
uc
tiv
ity
: d
S/
m
Temperature: °C
EC_exp.
EC_Sanchez et al. 2002
σc
σm
σT=1.32T+42.
 
Figure 3. EC values of 5% NaCl solution along temperature 
decrease and freezing paths (including results along a freezing 
path from Sánchez et al. 2002). 
 
 
It is assumed that only the liquid phase is contrib-
uting to EC, since this value in ice is approximately 
three orders of magnitude lower than liquid water 
(ionic mobility is restricted by ice lattice). For the 
linear part, a simple equation can be used to fit EC 
data of the solution with temperature: 
( ) 1.32 42.45T T Tσ = +  (2) 
where σT is the electrical conductivity of the solution 
(dS/m) and T the temperature (°C). 
In the frozen branch of the curve, the difference in 
EC between extrapolated (linear extrapolation) and 
measured values is associated with ice formation. At 
freezing point, the unfrozen water saturation Sl is 
still equal to 1. At nearly full ice condition (Sl close 
to 0), the measured EC will tend to zero. Therefore, 
the following expression can be proposed for Sl: 
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where σm is the measured EC of the ice / liquid solu-
tion (dS/m), and σc is the extrapolated electrical 
conductivity from Equation 2. These values are indi-
cated in Figure 3. 
The proposed Equation 3 has been validated by 
comparing with reported results from Sánchez et al. 
(2002) for ice concentration in 5% NaCl solution 
(Mao 2018). Results from Sánchez et al. (2002) has 
been also included in Figure 3, in which a good 
agreement with data from this study can be observed 
in relation to the evolution of EC with temperature 
in the freezing zone.  
3 EXPERIMENTAL RESULTS 
The clayey silt samples have been statically com-
pacted at different initial degrees of saturation Sri 
and at a dry density ρd around 1.90 Mg/m3. The tar-
get dry density is close to the maximum dry density 
of Standard Proctor (ρd=1.92 Mg/m3 at Sr=0.87). 
The compacted state of the samples is summarised 
in Table 1.  
The bulk EC of the samples has been measured 
along a temperature decrease and freezing path 
(from 20°C to -15°C). Figure 4a shows the evolution 
of bulk EC of the three samples along the tempera-
ture decrease path without phase change. A linear 
variation of bulk EC with temperature is obtained, 
which is consistent with previous results for the in-
terstitial water. It is a consequence of the very low 
EC of the mineral particles (primarily based on elec-
tron movement) relative to the EC of the electrolyte 
(based on ionic movement). Figure 4b presents the 
bulk EC drop of the different samples associated 
with the freezing stage. 
 
 
Table 1. Selected physical characteristics of tested samples 
Sample Dry density 
ρd / Mg/m3 
Porosity 
n / - 
Initial degree of 
saturation Sri / - 
1 1.90 0.282 0.730 
2 1.92 0.275 1.000 
3 1.87 0.293 0.859 
 
 
0
1
2
3
4
5
6
7
8
-5 0 5 10 15 20 25
El
ec
tri
ca
l 
co
nd
uc
tiv
ity
: d
S/
m
Temperature: °C
Silt 1_n=0.282, Sri=0.730
Silt 2_n=0.275, Sri=1.000
Silt 3_n=0.293, Sri=0.859
Equation (4) fit
 
(a) 
 
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
-15-13-11-9-7-5-3
El
ec
tri
ca
l 
co
nd
uc
tiv
ity
: d
S/
m
Temperature: °C
Silt 1_n=0.282, Sri=0.730
Silt 2_n=0.275, Sri=1.000
Silt 3_n=0.293, Sri=0.859
 
(b) 
Figure 4. Soil bulk EC changes along the temperature decrease 
and freezing paths: (a) above freezing point; (b) below freezing 
point. 
4 DISCUSSION 
4.1 Unfrozen water saturation 
Archie (1942) proposed a simple empirical model to 
link the bulk EC, σ, of sand and sandstone samples 
to porosity under saturated conditions. When ex-
tended to unsaturated soils, the expression can be 
written as (Hauck 2002): 
p q
w rin Sσ σ=  (4) 
where σw is the EC of interstitial water, n the porosi-
ty, and Sri is the initial degree of water saturation. p 
is an exponent that can be related to soil structure 
(usually between 1.4 and 2.0) and q is a saturation 
exponent, typically around 2.0. 
By considering the temperature dependence of the 
interstitial water (Equation 2), the bulk EC of the 
soil (Equation (4)) at different temperatures without 
phase change σc can be described by: 
( ) ( )1.32 42.45p q p qc T ri riT n S T n Sσ σ= = +  (5) 
Equation 5 is used to fit test results without phase 
change in Figure 4a. The 1:1 scatter plot of meas-
ured bulk EC values and calculated EC values is 
presented in Figure 5, which displays an adequate 
agreement. The fitted model parameters are p=1.85 
and q=2.08, which agree well with usual values 
adopted for Archie’s law. 
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Figure 5. Scatter plot of measured EC vs calculated EC along 
the temperature decrease path without phase change. 
 
It is assumed that the porosity and the total mass 
of water (associated with Sri) do not change along 
soil freezing and thawing paths. The unfrozen water 
saturation Sl in partially saturated soils would be 
similar to Equation 3, but using the extended 
Archie’s law and corrected by the initial water satu-
ration Sri, which can be rearranged as follows: 
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A detailed derivation and validation of Equation 6 
is explained in Mao (2018). Thus, the unfrozen wa-
ter saturation in the partially saturated clayey silt can 
be obtained as: 
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 (7) 
The evolution of the unfrozen water saturation 
with temperature of the three soil samples are plot-
ted in Figure 6. Ice formation starts at around -3.2°C 
due to salinity effects. At the beginning, ice gener-
ates quite fast with small temperature drops. Never-
theless, at temperatures below -7ºC the evolutions of 
the unfrozen water saturation of the three samples 
tend to converge to a residual value despite starting 
from different initial degrees of saturation. When 
compared to published results on natural frozen 
clayey silts with lower salinity of the interstitial wa-
ter, the current results tend to display higher unfro-
zen water saturations at specified temperatures (Mao 
2018). The salinity not only affects the freezing 
point, but also the residual unfrozen water content 
(Watanabe and Mizoguchi 2002, Xiao et al. 2018). 
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Figure 6. Estimated unfrozen water saturations with tempera-
ture for samples starting at different initial degrees of satura-
tion. 
4.2 Soil freezing retention curve 
The approach followed to determine the evolution of 
the unfrozen water saturation with temperature has 
been validated using the water retention data on dry-
ing presented in Figure 2. To express the data in 
terms of pressures (cryogenic suction) as in the wa-
ter retention curve (suction), several researchers 
have used the Clausius-Clapeyron equation (see for 
instance, Nishimura et al. 2009, Lebeau et al. 2012). 
This equation rules the thermodynamic requirement 
for the equilibrium coexistence (equilibrium of the 
chemical potential) of two phases (liquid water and 
ice phases): 
d d di ii l
l
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= −  (8) 
where ρ is the density, T the absolute temperature, P 
the absolute pressure, and l=333.5 kJ/kg the specific 
latent heat of fusion of water. Subscripts l and i refer 
to liquid water and ice, respectively. The differential 
form can be integrated using atmospheric pressure 
and freezing temperature Tf as references. Since ρi/ρl 
is close to 1, the equation reduces to: 
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The non-wetting ice invasion at Pi-Pl can be as-
sumed to be equivalent to air intrusion at matric suc-
tion s during a drying path for the same diameter of 
pores x: 
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where σl=0.073 N/m is the surface tension of liquid 
water at 20ºC and cosθl=1 the wetting coefficient for 
the air-water interface. σi=0.033 N/m is the surface 
tension of ice, cosθi the wetting coefficient for the 
ice-water interface (θi≈180º, see for instance Knight 
1971), and x the entrance pore diameter for a cylin-
drical model. 
The degree of saturation at a certain suction, as-
suming non-deformable soil, is used to evaluate the 
unfrozen water saturation corresponding to the 
equivalent Pi-Pl determined using Equation 10.  
Figure 7 shows the estimated soil freezing reten-
tion curve SFRC from water retention data com-
pared to the previous results starting at Sri=1.0. A 
very good agreement is observed between both re-
sults, which give confidence to the approach fol-
lowed to estimate the unfrozen degree of saturation 
by bulk EC readings. 
The figure also includes the SFRC estimated from 
mercury intrusion porosimetry MIP results on a 
freeze-dried sample at n=0.293. A similar procedure 
has been followed, in which the non-wetting mercu-
ry intrusion has been assumed to be equivalent to ice 
invasion and the degree of saturation of non-wetting 
mercury has been used to evaluate the unfrozen wa-
ter saturation. Furthers details are explained in Mao 
(2018). The SFRC based on MIP results also dis-
plays a consistent trend with previous results, alt-
hough ice generates faster with small temperature 
drops close to the freezing point. 
5 CONCLUDING REMARKS 
The bulk EC of statically compacted clayey silt at 
three different initial degrees of saturation has been 
measured along temperature decrease and freezing 
paths (from 20°C to -15°C). A 5% NaCl solution has 
been used as interstitial water to better discriminate 
EC values between ice and unfrozen water. Archie’s 
law together with a temperature dependent expres-
sion for the EC of the interstitial water in the freez-
ing zone has been used to interpret the experimental 
results and estimate the unfrozen water content at 
different temperatures. The proposed approach con-
siders the porosity effects and the initial degree of 
saturation. Salinity of the interstitial water affects 
the freezing point, as well as the residual unfrozen 
water saturation below -7ºC. 
The unfrozen water results from bulk EC meas-
urements have been compared with the SFRC ob-
tained by combining the Clausius-Clapeyron equa-
tion with water retention data on drying, as well as 
with mercury intrusion porosimetry results. Very 
good agreement has been found between the pro-
posed approach using bulk EC data and the experi-
mental data from the water retention curve. 
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Figure 7. Estimated unfrozen water saturation for sample start-
ing at full saturation. SFRCs based on combined Clausius-
Clapeyron equation and water retention / mercury intrusion po-
rosimetry data. 
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